We investigate the influence of stimulus contrast upon contour interaction in normal and amblyopic subjects. Using a computer generated acuity task, flanked and unflanked acuities were measured psychometrically at both high contrast (80%) and low contrast (6%), in a group of 19 normal and 11 amblyopic subjects. The crowding ratio for high contrast letters was found to be significantly higher than that for low contrast letters. The extent of the crowding zone was measured at high and low contrast by varying the separation of the optotype and flanking bars. The crowding zone measurement was repeated for the high contrast optotypes using dioptric blur. The position of the flanking contours was found to have a significant effect on letter resolution at high contrast but no significant effect was demonstrable at low contrast. With the addition of dioptric blur the effect of contour interaction became negligible at high contrast. These findings support the hypothesis that the crowding effect is: (1) similar in normal and amblyopic eyes when tested at threshold; (2) is contrast dependent appearing only for high contrast optotypes. #
Introduction
An important consideration in the assessment of visual acuity is the crowding phenomenon (Stuart and Burian, 1962; Flom et al., 1963a) . The crowding phenomenon describes the ®nding of a higher measure of visual acuity with single letters in comparison to letter acuity measured using lines of letters. The principle factors which cause the crowding phenomenon are contour interaction and ®xational eye movements (Manny et al., 1987; Flom, 1991) . It has also been shown that poor gaze control alone can cause crowding and reduced linear acuity, this has been identi®ed employing repeat letter format acuity charts (Kothe and Regan, 1990b; Regan et al., 1992) .
Contour interaction describes a type of spatial interference where adjacent contours impair the visual resolution of a centrally ®xated letter. Contour interaction has been demonstrated in both normal and amblyopic subjects (Flom et al., 1963a) , using a Landolt C target with¯anking contours placed horizontally and vertically around the four sides of the Landolt C. When the separation between the contours and target were varied it was found that resolution became impaired when the¯anking contours were placed up to a distance of 1 minute of arc (one letter diameter) away, and this impairment was maximal at 24 seconds of arc (0.4 letter diameters) away. The eect reduces as the separation is reduced further.
It has been shown previously that contour interaction was equal in both intensity and extent, irrespective of whether the¯anking bars were presented to the eye viewing the target, or to the contralateral eye (Flom et al., 1963b) . This suggests that the mechanism for contour interaction is cortical. Contour interaction has also been found to occur with hyperacuity tasks (Wilson et al., 1963; which are known to be mediated cortically.
There is no consensus regarding the existence of abnormally exaggerated contour interaction in amblyopic observers. Previous studies have suggested that contour interaction is one of the functional de®cits in amblyopia (Stuart and Burian, 1962; Kothe and Regan, 1990a) and that the use of single letter presentation may lead to higher acuity scores in amblyopic patients. However, Flom et al. (1963a) demonstrated that contour interaction is equal in both normal and amblyopic observers when care is taken to ensure that testing is carried out at the individual threshold acuity level for that eye. Contour interaction has also been found to be scaled to isolated vernier thresholds in both normal and amblyopic observers .
Previous studies have shown that many amblyopic patients exhibit not only high contrast visual acuity losses but de®cits in the processing of low and mid contrast letters (Hess et al., 1978; Bradley and Freeman, 1982; Hess and Pointer, 1985) . The accurate measurement of the contrast sensitivity function (CSF) in a clinical environment is time consuming, requiring specialist equipment. Low contrast visual acuity charts have been developed to provide the clinician with a reliable alternative to the measurement of the CSF (Regan and Neima, 1983, 1984; Regan, 1988) . These charts have been employed successfully in detecting low contrast resolution abnormalities in the presence of amblyopia (France and France, 1988; Sokol et al., 1990) .
The eect of contrast on contour interaction has been investigated previously. An early study by Schor et al. (1976) revealed that the binocular acuity of an amblyope was improved by reducing the contrast to the ®xing eye, consequently reducing contour interaction. It has also been shown that amblyopes who show abnormal crowding eects for high contrast targets can demonstrate eects which are similar, signi®-cantly stronger or weaker when lower contrast targets are employed (Giaschi et al., 1993) . Kothe and Regan (1990b) found a reduced crowding eect at low contrast in a group of 30 normal children.
The aim of this study was to examine the eect of contour interaction at dierent levels of contrast in both normal and amblyopic subjects.
Experiment 1: contrast and the crowding phenomenon

Subjects
The normal population consisted of 10 males and nine females with a mean age of 29.5 2 6.5 years (range of 22±40 years). All subjects were emmetropic or wearing their appropriate correction, and achieved Snellen acuities of 6/6 or better.
The amblyopic population consisted of three males and eight females with a mean age of 32.9 2 6.0 years (range of 24±40 years). All subjects wore their full correction and for the purpose of this study amblyopia was de®ned as 6/9 or worse in the amblyopic eye. The clinical characteristics of all amblyopic subjects can be found in Table 1 .
Procedure
Stimuli were generated by a customised acuity program (French, 1974 ) using a Hewlett Packard-386 PC on a standard 15 inch VGA monitor (Hewlett Packard, 640 Â 480 pixels) with an ambient room illumination of 150 cd/m 2 . The screen was shielded from direct illumination by the ambient lighting. Single letter acuity was measured at 6 m for both high contrast (80%) and low contrast (6%) optotypes. The letters were scaled in 0.1 logMAR increments from 6/ 60 to 6/2 (this range of visual acuity levels allow a psychometric acuity function for each observer to be derived empirically). At each acuity level 10 letters of equal legibility from the Sloane set were presented randomly. A modi®ed acuity scoring system (McGraw and Winn, 1993) and using the log of the minimum angle of resolution was used for all data (modi®ed logMAR = 1 À logMAR). The system designates 6/6 a score of 1 and 6/60 a score of 0 with visual acuities of less than 6/60 carrying a negative sign. Improvements in acuity, therefore, result in an increase in score. Each subject identi®ed the letter verbally and were instructed to guess when they were in any doubt as to the identity of the letter. Threshold acuity was calculated psychometrically as the acuity level which gave a 75% correct response.
This procedure was repeated for both high and low contrast letters both with and without the addition of anking bars of the same contrast. The dimensions of the¯anking bars were as follows; width of the bar equal to the width of the letter and length of the bar equal to diameter of the letter. The separation distance between the letters and the¯anking contours was 0.4 of the width of the letter for both high and low contrast, giving maximum crowding (Flom et al., 1963a) . The presentation of the dierent stimulus con®gur-ations was randomised.
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Results
Mean visual thresholds for high and low contrast letters are shown for both the normal subject group and amblyopic subject group in Figure 1 .
A signi®cant dierence was found between crowded and uncrowded acuity with high contrast optotypes in normal (df = 19, t = 7.27, p = 0.0001) and amblyopic (df = 10, t = 4.772, p = 0.008) observers. The dierence between crowded and uncrowded acuity was not signi®cant for optotypes of low contrast in either normal (df = 19, t = À 0.496, p = 0.63) or amblyopic (df = 10, t = À 0.729, p = 0.52) observers.
The magnitude of the eect of adjacent contours on letter recognition was quanti®ed by a ratio of uncrowded to crowded acuity (crowding ratio). The larger the ratio the greater the crowding eect and a ratio >1 indicates the presence of contour interaction. Crowding ratios were calculated for each subject at high and low contrast, Table 2 provides the mean results.
A two-factor ANOVA was carried out for the factors of subject (normal vs amblyopic), and contrast level (high vs low). The crowding ratio for high contrast letters was found to be signi®cantly higher than that found for low contrast letters (F = 22.008, df = 56, p = 0.0001). No signi®cant dierence was found in the crowding ratios between normal and amblyopic subjects (F = 0.208, df = 56, p = 0.65). There was no signi®cant interaction between contrast level and subject group (F = 0.687, df = 56, p = 0.11).
Two amblyopic subjects (IK and KK) had high contrast crowding ratios which lay outside the 95% con®-dence limits for the normal subject group ( Table 3) . The crowding ratio in these subjects using low contrast letter targets was within normal limits, suggesting that contour interaction has a contrast dependency in these amblyopes. The crowding ratios at low contrast, for all the amblyopic subjects lay within the 95% con®-dence limits for the normal group.
Experiment 2: determination of the crowding zone at high and low contrast
Subjects
The normal subjects consisted of two males and three females chosen randomly from the normal group in experiment 1 with a mean age of 27.8 years 25.4 years. All subjects were emmetropic or wearing their appropriate correction.
The amblyopic subjects were randomly chosen from experiment 1 and consisted of two males (BS and DB) and three females (MM, VJ and AL) with a mean age of 31.8 years 2 8.2 years . Again all subjects wore their full correction. 
Procedure
Stimuli were generated in the same manner as previously documented.
Threshold acuity was ®rst identi®ed for both high and low contrast letters without the presence of¯ank-ing bars, at a viewing distance where the target letter could be correctly identi®ed for approximately 75% of the random presentations. The extent of the crowding zone was then investigated by varying the separation of the letter and¯anking bars between 0 and 100% of the letter width, at the same viewing distance.
Results
The position of the¯anking contours was found to have a signi®cant eect on letter resolution at high contrast in both normal (One-factor ANOVA F = 6.147, df = 29, p = 0.002) and amblyopic subjects (F = 7.533, df = 29, p = 0.008), with maximum contour interaction being identi®ed at a separation of 0.4 of a letter diameter for both subject groups (Figure 2) . At low contrast the position of the¯anking contours 
Experiment 3: optical blur
Subjects
The ®ve normal and amblyopic subjects from experiment 2 took part in the ®nal stage of the study. The purpose was to determine what eect the removal of high spatial frequencies from the high contrast optotypes would have on contour interaction.
Procedure
The visual threshold without¯anking bars, was determined using the same procedure as before at a distance of 6 m. The extent of the crowding zone at high contrast determined and the procedure was repeated with the addition of plus lenses (+1.50 DS). Optical blur reduces the information a task like letter recognition requires, that is removes the high frequency image components.
Results
The position of the¯anking bars in both normal and amblyopic subjects had a signi®cant eect on letter resolution at high contrast (Figure 4 ) , as found previously in experiment 2. With the addition of plus lenses the eect of contour interaction became negligible at high contrast in both normal (p>0.05) and amblyopic subjects (p>0.05) irrespective of the position of the¯anking bars.
Discussion
The ®rst two studies have demonstrated that the addition of adjacent contours will decrease resolution and this eect is present only with optotypes of high contrast. No signi®cant dierence was found in the magnitude of contour interaction between normal and amblyopic subjects at either high or low contrast when the subjects are tested at their individual threshold. These results indicate that contour interaction is only present at high contrast.
Previous studies have suggested that contour interaction has a greater deleterious eect on resolution in amblyopic eyes as compared to normal (Stuart and Burian, 1962; Flom et al., 1963a; Hilton and Stanley, 1972 ) with a high percentage of amblyopes demonstrating abnormal crowding (Regan et al., 1992) . In experiment 1 there was no signi®cant dierence in the contour interaction between normals and amblyopes. This is in agreement with Flom et al. (1963a) where the extent of contour interaction was found to be proportional to the observers minimum angle of resolution. In the present study two amblyopic patients demonstrated an abnormally high crowding ratio at high contrast. These subjects did not show abnormal contour interaction at low contrast, suggesting that contour interaction is contrast dependent.
The results of these studies also show agreement with recent work on the eect of contrast on contour interaction. Kothe and Regan (1990b) measured the crowding eect at high (96%), medium (11%) and low (4%) contrast levels in a group of 30 normally sighted children. They found that the dierence between line acuity and single letter acuity was less for low contrast optotypes. The authors speculate that this dierence may be due to poor gaze control when adjacent contours are of high contrast and that the intensity of lateral interaction is less at low contrast levels. In a subsequent study (Giaschi et al., 1993 ) the authors repeated the same testing procedures on 15 amblyopic children and 15 amblyopic adults. The subjects showed varying responses, the crowding eect was either greater for high contrast (in agreement with the normal children in their previous study), showed no signi®cant dierence or in fact was greater for the low contrast optotypes. In this study crowding was found to lie within normal limits for high contrast letters in 80% of the amblyopic observers and no crowding Ophthal. Physiol. Opt. 1999 19: No 3 eect was found with letters of low contrast in either normal or amblyopic observers. Thus the evidence of the present study suggests contour interaction is contrast dependent in both normal and amblyopic eyes and is more likely to occur at high contrast.
In the second experiment of the present study, the position of the¯anking bars at high contrast had a signi®cant eect with maximum contour interaction identi®ed at a separation of 0.4 of a letter diameter in accordance with previous reports (Stuart and Burian, 1962; Flom et al., 1963a) . However, at low contrast the position of the¯anking bars had no eect upon resolution in either normal or amblyopic subjects. These results appear to con®rm that contour interaction is only apparent at high contrast and that contour interaction is absent at low contrast levels irrespective of the position of the¯anking contours.
In our third experiment we show that blurring the high contrast optotypes removes the eect of¯anking contours (Figure 4 ). Optical blur produces two changes, the main eect is to reduce the contrast of the fundamental spatial frequency of the letter and it also makes the higher spatial frequency harmonics in the letter subthreshold. It may be the reduction in contrast of the letters in this part of the experiment which removes the eect of crowding.
It would therefore appear that contour interaction is contrast dependent in both normal and amblyopic observers. The recent ®ndings of Polat and co-workers Sagi, 1993, 1994a; Polat and Norcia, 1996) may help to explain these ®ndings. They have identi®ed long range excitatory and inhibitory lateral connections in the cortex which provide a mechanism for contour interaction. It has been shown that these lateral interactions are not only dependent on target separation but are also orientation and contrast speci®c Sagi, 1993, 1994a,b; Polat and Norcia, 1996; Polat et al., 1998) with no lateral interaction being found at mid or low contrasts. The response to crowding stimuli falling within a receptive ®eld appears be either facilitative or suppressive Sagi, 1993, 1994b; Polat et al., 1998) . It is the dierence in the cortical cell receptive ®eld properties and these long range interactions which determine the extent and intensity of any reduction in visual resolution. With high contrast optotypes these lateral connections provide a strong suppression response within the cortical cell, while at mid to low contrast levels dierent connections are switched on which facilitate target detection. They also report that abnormalities of these neural interactions in amblyopia may contribute to the abnormal crowding eect seen in amblyopia (Polat et al., 1997) , which would explain the abnormal contour interaction found in two of our amblyopic subjects.
Conclusions
These ®ndings support the hypothesis that the crowding eect is . similar in normal and amblyopic eyes when tested at resolution threshold . is contrast dependent appearing only for high contrast optotypes.
